• Earlier investigators, in their concern over the design of systems capable of maintaining the viability of isolated organs and tissues for extended periods of time, contrasted the effects of steady and pulsatile pressure perfusion. Pulsatile perfusion was reported to be associated with greater flows than steady pressure perfusion in the hind extremities of frogs and toads, 1 in mammalian lungs, limbs, spleen, and isolated kidney. 2Â lthough the introduction of a pulsation in the arterial supply of the in situ perfused kidney has been stated to produce no modification of renal blood flow, 6 " 7 the changes in renal function noted B ' 8 are highly suggestive of an internal redistribution of blood flow. Since previous descriptions of regional circulatory responses to variations in pulse amplitude have not been adequate to characterize these reactions completely, the experiments reported here were undertaken. Simultaneous measurements of input pressure, blood flow, and tissue weight have permitted a more detailed analysis of the complex vascular responses produced by independent changes in arterial pressure and arterial pulse pressure.
Methods
Mongrel dogs were anesthetized with pentobarbital, 35 mg/kg IP. A carotid artery was exposed for exsanguination and a femoral vein for heparinization (1000 units/kg). The tongue was clamped at the free end of the frenulum and excised. The two supplying arteries were cannulated and the vascular tree flushed free of blood From the Department of Physiology, Stritch School of Medicine and Graduate School, Loyola University, Chicago, Illinois.
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Received for publication February 3, 1964. using Krebs-Ringer solution. Simultaneously, the dog was bled into a heparinized reservoir to the point of respiratory difficulty; then the perfusion system was filled. The lingual arteries in the dog branch at acute angles. The branches pass for some distance distally before bifurcating to supply restricted muscular regions. This leaves unperfused wedgeshaped areas on either side of the midline extending about one-third of the distance from the cut surface to the tip, at the lateral margins, and eliminates the necessity for ligation to prevent blood flow from severed arterial branches. Figure 1 is a diagram of the perfusion apparatus. The blood reservoir has two orifices: a gas (95% O2, 5% CO2) inlet from a regulatorcontrolled tank which is used to establish the mean arterial pressure in the perfusion line and an outlet tube fitted with a small volume bubble trap. A magnetic stirrer is employed to maintain cell suspension in the reservoir which is suspended from a Grass FT-10 force transducer. Blood flow is measured as the rate of loss of reservoir weight.
The reservoir outflow passes to the pump junction where a sinusoidal oscillation of desired amplitude, at the normal heart rate, is superimposed on the steady perfusion pressure. The junction is illustrated in perspective in the lower part of the figure. The pump complex consists of a sinusoidal pump (not shown) which alternately injects and withdraws water from the right hand chamber, moving a rubber diaphragm. This produces an alternate withdrawal and injection of blood into the perfusion line. An air damper, interposed in parallel between the pump and the line, is used to determine the pulse amplitude. A damping clamp controls the resistance to flow into and out of the closed air chamber. Opening the clamp increases the damping effectiveness, thereby reducing the pulse pressure. Zero pulsation is achieved by turning off the pump.
The blood, maintained at 37°C by a constant temperature circulator, is pumped to the cannulae where lateral pressure is metered by a Statham P23AC transducer. The preparation is supported on the modified left pan of an analytical balance. The right end of the balance beam is fastened to a sensitive Statham strain gauge (G7A -1.5 -350) which provides an output proportional to the unbalanced tissue weight. This output is used to estimate changes in vascular capacity. No provision is made for oxygenation of the blood since it is drawn from an artery and circulated only once in the perfusion apparatus. The ends of the veins are exposed to the atmosphere; venous outflow is allowed to drop freely from the cut surface of the tongue.
One or more of the following criteria have been used to evaluate the effectiveness of perfusion in each experiment: muscular contraction upon stimulation of the lingual nerve, dye injection, and inspection of the tissue for uniformity of color during perfusion. The production of edema has been assessed by comparing the initial and final tissue weights under the same conditions. Initial weights varied between 15 and 25 g although a variable fraction of the tissue lying laterally at the cut surface was not perfused. It is estimated that the perfused tissue mass ranged between 10 and 15 g. Figure 2 is a segment of a record from an experiment illustrating the effects of two pulse pressure increases. In each case the change of mean pressure is insignificant and inCircnUiion Rnttrcb, Vol. XV, Stpitmttr 1964 creases in both flow and tissue weight are readily apparent.
Results

I. MEAN PRESSURE-FLOW RELATIONSHIPS
From these and similar data it is possible to construct a family of mean pressure-flow curves, as illustrated in figure 3 . Each of the curves in this figure was derived using a single pulse pressure. They are similar to pressure-flow curves reported in the literature. 9 ' 10 All, however, were obtained in one experiment using a single preparation. As demonstrated here, large increases in pulse pressure shift the curves upward, i.e., decrease the vascular resistance. The effect of smaller increases (below 51 mm Hg) is more complex. The curves are shifted in the direction of lower resistance at low mean perfusion pressures, and in the direction of high resistance at high mean perfusion pressures.
PULSE PRESSURE-FLOW RELATIONSHIPS
From the same data used in preparing figure 3, a family of pulse pressure-flow curves can be constructed, each member of which represents a single mean pressure. If the mean pressure increment between the members of the family is small, however, it is extremely difficult to compare several experiments owing to individual variations of initial flow and of the magnitude of response. The variations are described in detail in the section which follows (see 3. Hysteresis). In figure  4 this problem has been avoided by dividing all measurements into two groups and by referring flow to the steady pressure level. The uppermost point represents a flow of about 150% of the zero pulse (steady pressure) flow. A statistical comparison (unpaired t test) of the points on the two curves at each pulse amplitude level indicates a difference which is significant at the 1% level. At low mean arterial pressure, flow resistance varies inversely with the pulse pressure. At high mean pressure, low pulse pressure increases and high pulse pressure decreases resistance to blood flow.
HYSTERESIS
The phenomenon which precludes the use of smaller mean pressure increments in comparing data from several experiments is illustrated in figure 5 , a pulse pressure-flow plot from a single experiment. At two-to fourminute intervals the pulse amplitude was increased and then decreased in a series of steps, maintaining the mean pressure at a constant level. Measurements of flow were made at steady state. The curves correspond to the pattern illustrated in figure 4 with pooled data from several experiments. The ascending and descending limbs of the pulse pressure-flow curves do not coincide. In most experiments, the spread of the two limbs was larger at lower mean pressures than in this figure. The presence of hysteresis, although by no means unique to the circulation of the dog's tongue, 11 " 13 prevents the repetition of a given procedure in the same tissue without allowing a recovery period of some duration. pulse pressure-flow loops. Nor does the contour, direction or magnitude of a weight curve necessarily correspond with that of the simultaneously determined flow curve.
EVALUATION OF SYSTEM AND BLOOD CHARACTERISTICS
In order to demonstrate that the changes noted were not a function of the characteristics of the perfusion system or of the anomalous viscous properties of blood, small bore glass tubes (ranging in diameter from 1 mm -the approximate size of the lingual artery of the dog -to 70 fi) were substituted for the tissue in these experiments. Pressure-flow relationships were studied using steady and oscillatory inputs (amplitudes: 20 to 100 mm Hg, frequencies: 25 to 150/min). No differences could be detected between the flow 
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FIGURE 5
Blood flow (ml/min) as a function of pulse pressure (mm Hg). One of lower two curves is dashed to facilitate visual separation of intersecting lines. These data are from a single experiment. Weight of perfused muscle -12.7 grams. Initial measurement for each curve is indicated by a solid circle.
characteristics with steady pressure and with oscillatory pressures in the range tested.
Discussion
When the amplitude of a sinusoidal pressure pulsation of constant frequency and constant mean pressure is changed, alterations in the resistance to blood flow and in the weight of the isolated, perfused dog's tongue occur. Randall and Stacy u have suggested three possible mechanisms which could lead to a dependency of flow on pulse pressure: a) alinear pressure-flow relationships, b) differences in the tension of vascular smooth muscle under static and dynamic conditions, and c) the reactive effects of mass (improbable in experiments done at constant sinusoidal frequency) and elasticity in the vascular system. To these might be added the non-Newtonian properties of blood; but these are probably not significant factors in view of the experiments with rigid tubes (Results, section 5) and the calculations of Haynes and Burton. 16 Alinear pressure-flow curves with convex-
Tissue weight (above weight at zero arterial pressure) as a function of pulse pressure (mm Hg). Upper curve is dashed to facilitate visual separation of intersecting lines. Curves were derived simultaneously with those in figure 5. Initial measurement for each curve is indicated by a solid circle.
ities directed toward the pressure axis ( fig.  3 ) result from the passive, elastic distensibility of resistance vessels.
-
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' " In passive vascular beds exhibiting pressure-flow relations of this type, rhythmic oscillation of pressure, symmetrically distributed about any point (mean pressure), will produce a greater flow change with a rise of pressure above the mean than with a fall of pressure. Therefore, if elasticity of resistance vessels were solely responsible for the pulse pressure effects, flow and resistance vessel capacity would always be greater with pulsatile than with steady pressure perfusion; and the magnitude of the difference would be a direct function of the slope of the static pressure-flow curve at that mean pressure and the absolute value of the pulse pressure. In addition, flow and vascular capacity would always be positively correlated, with flow changing to a relatively greater extent than resistance vessel volume.
In these experiments, flow varied in the direction predicted by simple elastic behavior with all pulse pressure changes at low mean pressures ( fig. 4, and fig. 5 , lower curve) but only for pulse pressures exceeding 50 mm Circulation Rvurcb, Vol. XV, Stpumbtr 1964
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Hg at higher mean pressures. Under the same circumstances, on the average, flow and weight show directional correlations predicted by elastic vessel behavior ( fig. 7) . Comparison of figures 5 and 6 demonstrates, however, that the correlations between flow and weight in a single experiment, even at high mean and pulse pressures, may show significant directional differences even above pulse pressure in excess of 50 mm Hg. Since weight changes include volume changes of capacitance vessels as well as resistance vessels, the lack of perfect correlation suggests that resistance and capacitance vessels do not necessarily react in the same manner to the induced pressure changes. 18 Mean pressure-flow curves will also be alinear, with convexities directed toward the pressure axis if resistance vessels exhibit plas- tic distensibility (stress relaxation). Although the flow changes and the correlation between flow and resistance vessel volume are directionally the same in a vascular bed exhibiting both elastic and plastic distensibilities and in one which is solely elastic, the presence of stress relaxation will, in addition, introduce hysteresis. Below a mean pressure of 80 mm Hg and above 132 mm Hg ( fig. 5 ) pulse pressure-flow, and therefore, presumably, pressure-resistance vessel-volume loops rotate counterclockwise; they are consistent with patterns produced by stress relaxation.
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" 13 Between these limits the loops rotate in the opposite direction, implying that some active change in blood vessel tone is responsible for the changes noted. Weight loops shift from the active to the passive pattern below a mean pressure between 70 and 100 mm Hg ( fig. 6 , lower curve). It is necessary, therefore, to conclude that resistance and capacitance vessels do not exhibit stress relaxation under the same conditions of mean and pulse pressure; and that neither form of passive distensibility is adequate to account completely for the observed behavior of the vascular bed in these experiments.
The analysis above leads to the conclusion that some active response of vascular smooth muscle is responsible, in part, for the characteristics of the circulatory response to pulse pressure changes. Active vessel responses to changes in mean circulatory pressure have been reported to occur between 80 and 180 mm Hg in the dog's kidney, 19 between 40 and 140 mm Hg in muscles of the hind limb of the dog, 17 and between 40 and 120 mm Hg in the dog's intestine. 20 These autoregulatory responses disappear at low mean pressure because of inadequate pressure stimulus 17 ' 19 ' 20 Similarly, in figure 5 the upper pulse pressure-flow curve not only rotates counterclockwise but breaks sharply at 25 mm Hg (corresponding to a peak pressure of 167 mm Hg) and the T = 132-133" curve breaks at 50 mm Hg (corresponding to a peak pressure of 157 mm Hg). These data indicate that the upper limit to the active smooth muscle responsiveness lies, in this preparation, in the range 157 to 167 mm Hg.
In the mean pressure range in which stepfunction pressure changes are associated with autoregulatory responses of resistance vessels, alterations of pulse pressure produce resistance changes which must be interpreted as the result of active participation of vascular smooth muscle (figs. 4 and 5). Since resistance vessel constriction is opposed by passive vascular reactions (both elastic and plastic), the net response to a pulse pressure increase may be an increase, no change, or a decrease in resistance ( fig. 5) , depending upon the relative values of mean and pulse pressure. Low pulse pressure and mean pressure above 80 mm Hg most favor the occurrence of parallel pulse pressure and resistance changes (fig. 4, lower curve) . It is obvious, however, even with the onset of passive vascular responses at higher pulse pressures, resistance vessel tone is still elevated at high mean pressure (compare lower and upper curves fig. 4 ).
Weight changes fail to correspond with flow changes: 1) when the resistance increases (points 1 and 2 of lower curve, fig. 7 ), and 2) when the vascular bed as a whole is relatively indistensible whereas the resistance vessels, which comprise a small part of the total circulatory volume, are still distensible (figs. 5 and 6, upper curves). Tissue weight must, therefore, correspond more closely to the volume of capacitance vessels than to that of resistance vessels.
Summary
In the isolated, perfused dog's tongue, alterations of pulse pressure, at constant mean pressure, can produce parallel or oppositely directed changes in blood flow or can leave the flow unaffected. Parallel changes occur when the vascular bed is passively distensible; opposite changes occur when active contraction of smooth muscle overcomes the effects of passive distensibility, and no change is found when the two effects balance. The first is seen at mean pressures below 80 mm Hg or peak pressures above 155 to 165 mm. Hg. The other reactions are produced in the mean pressure range in which autoregulatory reactions occur, viz. opposite changes when the pulse pressure is low and no change under conditions close to in situ mean and pulse pressure. Even when pulse pressure has no observable influence on flow, therefore, it modifies vascular tone.
The active response of vascular smooth muscle to pulse pressure persists in part after the removal of the stimulus, opposing stressrelaxation of resistance vessels. Tissue weight changes reflect alterations in capacitance vessel volume which may vary in direction from the volume changes occurring in resistance vessels.
